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I. Introduction 
The study of the scattering of low energy neutrons by many-particle 
systems yields vhluable information on the dynamical behavior of such 
systems. The most detailed quantity that can be measured experimen- 
d26 which tally is the double differential scattering cross section - dndE 
consists in the Fermi Pseudopotential approximation of two factors. 
One depends only on the properties of the neutron and the other, the 
so called scattering law, depends only on the dynamical properties 
of the scatterer. 
Often the scatterer is isotropic with respect to the incident neu- 
tron beam (polycristaline solids, liquids and gases), in this case 
the scattering law can be written: 
where E. is the incident, E the scattered energy, 6 the bound atom b 
cross section of the scattering atom, k T is the temperature in B 
energy units, d R  is the element of solid angle into which the 
neutrons are scattered. 
0( and IS have the following meaning 
A = ratio of the mass of the scattering nucleus to the mass of the 
neutron 
Measurement of S(o(,R) of moderator and reflector materials for all 
possible oc and 13 values is desirable for a better description of the 
neutron thermalization process in reactors. The fine details of 
s ( q , B )  are not so important for thermalization studies, however, 
accurate measurements of S(x,B) also yield valuable information 
of more fundamental interest. Although the main objective of the 
present work was of the first kind we have tried to extract from 
the measured scattering laws physically interesting features. 
I n  s e c t i o n  I1 of t h i s  p a p e r  a s h o r t  d e s c r i p t i o n  of  t h e  e x p e r i m e n t a l  
a r r angemen t  and  of t h e  d a t a  p r o c e s s i n g  i s  g i v e n ,  i n  s e c t i o n  111 
t h e  r e s u l t s  o n  w a t e r  v a p o u r ,  benzene and z i r con ium h y d r i d e a r e  des-  
c r i b e d .  
11. E x p e r i m e n t a l  P r o c e d u r e  and  Methods of  Data P r o c e s s i n g  
1 .  Appara tus  
The K a r l s r u h e  r o t n t i n g - c r y s t a l  t i m e - o f - f l i g h t  s p e c t r o m e t e r  d e s c r i b e d  
e l s e w h e r e  (g was used  t o  p roduce  t h e  monoene rge t i c  p u l s e d  beams 
needed f o r  t h e  measurements  t o  be d e s c r i b e d .  The i n c i d e n t  n e u t r o n  
ene rgy  was between 18  and 80 meV. The p u l s e  w i d t h  a t  h a l f  h e i g h t  
of t h e  i n c i d e n t  beam a t  t h e  s c a t t e r i n g  sample  w a s  20 u s e c ,  t ime-  / 
o f - f l i g h t  r e s o l u t i o n  20usec/m, and p r imary  ene rgy  r e s o l u t i o n  a b o u t  
5 % a t  1 8  meV. 
/ 
Nine d e t e c t o r s  a t  a d i s t a n c e  o f  2 m e t e r s  f rom t h e  sample  a r r a n g e d  
between 20 and 140' d e t e c t e d  s i n u l t n n e o u s l y  t h e  s c a t t e r e d  n e u t r o n s .  
Dur ing  t h e  expe r imen t  t h e  o u t p u t  of  t h e  d e t e c t o r s  was hand led  by 
MIDAS ( a  m u l t i p l e  i n p u t  d a t a  a c q u i s i t i o n  s y s t e ~  u s i n g  a C o n t r o l  
Da tz  160-A computer )  and w r i t t e n  on magne t i c  t a p e  [2J. 
For  t h e  benzene measurements  a n  a r r angemen t  s imilar  t o  t h c t  des -  
c r i b e d ,  i n s t a l l e d  a t  t h e  r e a c t o r  DIORIT, h a v i n g  o n l y  s i x  d e t e c -  
t o r s  and a c o n v e n t i o n a l  m u l t i c h a n n e l  a n a l y z e r  was used .  
2. S c a t t e r i n g  Samples 
To g e t  a r e a s o n z b l e  amount of  s c a t t e r i n g  from a  small volume of 
H 2 0  vapour a t e m p e r a t u r e  of  2 4 1 ' ~  and s p r e s s u r e  of  25  a tmosphe res  
were chosen .  The c o n t a i n e r  was a c y l i n d e r ,  5 cms i n  d i a m e t e r  w i t h  
a n  a c t i v e  s c a t t e r i n g  zone 5 cm i n  l e n g t h ,  made of  a luminium. The 
w a l l  t h i c k n e s s  of t h e  c o n t a i n e r  was 0.18 cm. Under t h e  g i v e n  con- 
d i t i o n s  t h e  d e n s i t y  of v l p o u r  w c s  1 2  mg/cm3 and  t h e  t r a n s m i s s i o n  
a b o u t  90 % f o r  a n  i n c i d e n t  ene rgy  of 18.2 meV. For  t h e  s u r f a c e  r e -  
a c t i o n  of  t h e  aluminium w i t h  t h e  water vapour  p r o d u c i n g  Al(0H) a 3 
c o r r e c t i o n  of t h e  o r d e r  of 2 % h a s  been  made f o r  t h e  number of  
s c a t t e r i n g  molecu le s .  
L I n  t h e  c a s e  of  benzene samples  of 5 X 12 cm s i z e  and 0.06 cm 
t h i c k n e s s  were u s e d ,  The containers used  0 .05  cm t h i c k  aluminium 
windows. 
In the early z i r c n n i u  hydrid m e a s u r W . g o t r d e r  of zrHqa8 w u  
used. Although a few runs at room temperature were.mademost were 
performed at 210'~. In the later experiments the sample was a 
hydrogenated plate of zirconium metall 0.05 cm thick 4.5 X 7 cm Z 
in size with the composition ZrH1. 1 which was easier to handle 
in heating. 
For all. the investigated substances the normal procedure was to 
make a run of several days for each incident energy and to do a 
similar background run where the sample was omitted. The sample- 
out run delivered all the data necessary for background corrections. 
3.  Data Processing 
The data processing cycle starts with totalizing the information 
written on magnetic type, using the CDC-760 A computer. Further 
processing was on an IBM-7070 where after determining of detector 
sensivity the "scattering-law program" was used to evaluateM, 13, 
S(o(,B) and S(d\,B)/oc as well as the statistical errors due to the 
number of collected counts. In this program also smoothing of the 
raw data can be done if the conditions make this advisable. Smooth- 
ing has been done mainly for background runs and the measurements 
at lowest energy. 
In these calculations no general corrections for energy resolution 
and multiple scattering are done. However, in the cases where the 
extrapolation method to be described now is used a resolution 
correction for the elastic peak has been carried out. 
To get the generalized frequency distribution p(B) the S/& values 
were plotted against- on a semi-logarithmic scale and extrapolated 
to W = 0 .  With the p(f3) (eq. 4) guessed in this way a LEAP [v 
2 p(B)  = f3 lim S/% 
o<+ 0 
calculation was done to determine S/o< again on the base of a 
harmonic approximation for the motion of the scattering nuclei, 
In the range covered by the experiments essentially a phonon ex- 
p a n s i o n  is u s e d ,  v a r i e d  i n  t h e  c a s e  of  n o n - s o l i d s  by f o l d i n g  w i t h  
a s i m p l e  d i f f u s i o n  model.  
111. E x ~ e r i m e n t a l  R e s u l t s  
l. Water Vapour 
Runs w i t h  i n c i d e n t  e n e r g i e s  o f  0.018 and 0.032 eV were made. The 
e v a l u a t e d  e n e r g y  and  momentum t r a n s f e r  r a n g e s  were 0 4 13 4 5 and 
3 0 < 4 5 ( T  = 5 1 4 ' ~ ) .  The d e n s i t y  of  t h e  vapour (72 mg/cm ) s h o u l d  
be s m a l l  enough t o  s u p p r e s s  s i g n i f i c a n t  i n t e r a c t i o n  be tween m o l e c u l e s .  
A t y p i c a l  s c a t t e r i n g  cu rve  i s  shown i n  F i g .  1. I n  t h i s  d iagram t h e  
c o u n t i n g  r a t e s  i n  5 a d j a c e n t  c h a n n e l s  a r e  smoothed and t h e  back- 
ground i s  s u b t r a c t e d .  T h i s  smooth ing  p r o c e s s  c o r r e s p o n d s  t o  t h e  
e x p e r i m e n t 2 1  r e s o l u t i o n  and t h e r e f o r e  s h o u l d  n o t  i n t r o d u c e  s e r i o u s  
e r r o r s .  The re  is a s l i g h t  s t r u c t u r e  i n t h e  cu rve .  A t  t h e  p o i n t s  i n -  
d i c c t e d  by t h e  s r r o w s  a r e  bands  of ene rgy  t r n n s f e r  known from r o -  
t a t i o n  s p e c t r a  of  H20. From t h e  e x p e r i m e n t a l  d a t a  s c a t t e r i n g - l a w  
v a l u e s  S ( a , B )  have been  d e r i v e d .  The v a l u e s  f o r  one s c a t t e r i n g  a n g l e  
o b t a i n e d  a t  d i f f e r e n t  i n c i d e n t  e n e r g i e s  a r e  p l o t t e d  i n  F i g .  2 ,  The 
l i n e s  a r e  c a l c u l a t e d  w i t h  Kr i ege r -Ne lk in  t h e o r y  141 u s i n g  a n  e f f e c -  
t i v e  mass o f  ?iir = 1.9 de t e rmined  from t h e  S n c h s - T e l l e r  mass t e n s o r  
of  t h e  H 0 molecu le .  The a s s u m p t i o n s  of t h i s  t h e o r y ,  i . e .  t h a t  t h e  2 
i n c i d e n t  ene rgy  i s  l a r g e  compared w i t h  t h e  r o t a t i o n a l  l e v e l  s p a c i n g  
and s m a l l  compared w i t h  t h e  v i b r a t i o n a l  l e v e l s  o f  t h e  m o l e c u l e ,  
a r e  s a t i s f i e d  by t h e  expe r imen t .  However, o n l y  f o r  g r e a t  momentum 
t r a n s f e r  v a l u e s  t h e  t h e o r y  a g r e e s  w i t h  expe r imen t .  The o v e r a l l  
egreement  can  be improved by u s i n g  an e f f e c t i v e  mass o f  t h e  o r d e r  
o f  4 t o  5 which a l s o  h a s  been  obse rved  by Hughes e t  a l .  (51 w i t h  
c o l d  n e u t r o n s .  A good d e s c r i p t i o n  of t h e  e x p e r i m e n t a l  r e s u l t s  was 
o b t a i n e d  a l s o  by a p p r o x i m a t i n g  t h e  H 0 molecu le  as a symmetr ic  2 
- 40 t o p  w i t h  a n  e f f e c t i v e  moment of  i n e r t i a  I = 1.96 10 gcm2 which 
i s  t h e  a v e r a g e  of  t h e  p r i n c i p a l  moments of i n e r t i a  o f  t h e  H20 mole- 
c u l e .  The s q u s r e s  i n  F i g .  2 were c a l c u l a t e d  i n  t h i s  way c o n s i d e r i n g  
o n l y  i n c o h e r e n t  s c a t t e r i n g  from t h e  p r o t o n s .  The re  have  been  a t t e m p t s  
t o  t r e a t  t h e  r o t a t i o n  of  asymmetr ic  t o p s  i n  n e u t r o n  s c a t t e r i n g  t h e o r y  
by quantum mechanics  [G]. U n f o r t u n a t e l y  no n u m e r i c a l  r e s u l t s  f o r  t h e  
doub le  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  s e c t i o n  of  H20  m o l e c u l e s  a r e  
a v a i l a b l e  s o  f a r  from t h e s e  c a l c u l a t i o n s .  
A s e t  of S(o(,R) c u r v e s  f o r  c o n s t a n t  D as p a r m e t e r  i s  shown i n  
F i g .  3 .  
With t h e  benzene samples  d e s c r i b e d  i n  s e c t i o n  11. measurements  w i t h  
t h e  i n c i d e n t  e n e r g i e s 0 . 0 2 5 , . 0 3 2  and 0.059 eV have been  made. The 
r a n g e  of * and l3 v - l u e s  cove red  was: 0 <d < 12, 0  < R C. 3(T  = ?93°h).  
A few examples of  S(o(,I3) v a l u e s  e x t r a c t e d  from t h e  measurements  a r e  
p l o t t e d  i n  F i g .  4 ,  The shown s o l i d  l i n e s  n r e  r e s u l t s  f rom LEAP 
c a l c u l a t i o n s .  The e f f e c t  of  most of t h e  h i g h  ene rgy  v i b r a t i o n ' n o t  
d i r e c t  a c c e s s i b l e  i n  t h e  p r e s e n t  measurement i s  c o r r e c t e d  f o r  by 
a n  a d d i t i o n a l  ADDELT c a l c u l a t i o n  u s i n g  t h e  LEAP o u t p u t  and t h e  
known v i b r a t i o n  f r e q u e n c i e s .  This c o n t r i b u t e s  main ly  t o  t h e  Debyc- 
Wnl le r  f 2 c t o r .  The dashed  l i n e s  a r e  from "Benzene gas"  model d e s -  
c r i b e d  by B o f f i  e t  a l .  fl]. I n  t h e  c u r v e s  o n l y  two t e r n s  i n  t h e  
phonon e x p c n s i o n  a r e  t a k e n  i n  c o n s i d e r a t i o n .  T y p i c c l l e x t r n p o l a t i o n  
-ire shown i n  F i g .  5 and c u r v e s  S/o( vs.ocfor d e t e r m i n i n g  (S/d) = L 
t h e  r e s u l t a n t  g ~ n e r a l i z e d  f r e q u e n c y  d i s t r i b u t i o n  p ( 8 )  i s  g i v e n  i n  
F i g .  6 .  The i n d i c n t e d  e r r o r s  - r e  t h e  p o s s i b l e  u n c e r t a i n t i e s  i n  t h e  
e x t r a p o l a t i o n  p r o c e s s .  The p(I3) i s  i n  good cgrcement  w i t h  r e s u l t s  
of i n f r a r e d  and Raman measurements .  The h i g h  enz rgy  p a r t  of p ( 8 )  
(I3 > 1) i s  de te rmined  by t h e  p r o p e r t i e s  of t h e  benzene r i n g ,  t h e  
l o w e s t  normal  v i b r a t i o n  of  which i s  p r e d i c t e d  t o  be  a t  8 = 1.99 .  
T h i s  v i b r a t i o n ,  hawever ,  i s  i n a c t i v e  i n  i n f r a r e d  2nd Raman measure- 
men t s ,  The b road  peak of t h e  d i s t r i b u t i o n  n e a r  I3 = 2 nay be z t t r i -  
b u t e d  t o  t h i s  v i b r a t i o n .  
Fo r  l ower  e n e r g i e s  t h e  i n t e r a c t i o n  between molecu le s  c o n t r i b u t e s  
t o  t h e  f r e q u e n c y  spec t rum.  From Ramnn rncaswements  i n  s o l i d  benzene 
[8_7 f r e q u e n c i e s  a t  s b o u t  R = 0.32 and 8 = 0 . 5 2  2 r e  known. The b road  
peak  c e n t e r e d  a t  a b o u t  R = 0 .48  can  be a t t r i b u t e d  t o  t h i s  a o t i o n  
which from t h e o r e t i c a l  z n a l y s i s  - r e  v e r y  p r o b a b l y  t o r s i o n a l  v i b r n -  
t i o n s  of t h e  benzene molecu le  i n  t h e  f i e l d  of  i t s  n e i g h b o u r s .  Fo r  
s t u d y i n g  t h e s e  motions i n  more d e t a i l  a h i g h s r  r e s o l u t i o n  t h a n  t h a t  
u sed  i n  t h e  p r e s e n t  mcnsurements i s  n e c e s s a r y .  
3.  Zirconium Hydride 
F i g .  7 shows a t y p i c a l  s c a t t e r i n g  d i s t r i b u t i a n  o b t a i n e d  w i t h  t h e  
Z r H 1  p l a t e  a t  2 1 0 ~ ~ .  Although t h e  h i g h  energy peak c o n t r i b u t e s  
t h e  most i m p o r t a n t  p a r t  t o  i n e l a s t i c  s c a t t e r i n g ,  t h e  main aim of  
t h e  p r e s e n t  work was t o  de te rmine  t h e  c o n t r i b u t i o n  of  t h e  low 
energy a c o u s t i c a l  modes. The h i g h  energy l i n e  h a s  been c a r e f u l l y  
s t u d i e d  by M C  Reynolds e t  a l .  (107 u s i n g  4  A n,cutrons w i t h  h i g h e r  
a c c u r a c y  t h a n  t h i s  work y i e l d s .  There fo re  we used  t h e  peak h a l f  
w i d t h  of t h e s e  a u t h o r s  i n  our  d a t a  e v a l u a t i o n .  A s  i s  expec ted  
from t h e o r y  t h e  low energy modes t a k e  o n l y  a few p e r c e n t  o f  t h e  
f r equency  d i s t r i b u t i o n .  We ob t&ad the  b e s t  f i t  w i t h  t h e  S/& v a l u e s  
u s i n g  t h e  d i s t r i b u t i o n  p ( ~ )  shown i n  F i g .  8. 
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0 F i g .  1:  T y p i c a l  s c z t t e r i n g  d i s t r i b u t i o n  from H 2 0 vnpour a t  241 C 
and 25  a tmospheres  
F i g .  2 :  S(&,O) f o r  t h e  d e t e c t o r  a t  43.9' a t  two i n c i d e n t  e n e r g i e s  
F i g .  3:  A p l o t  of S(s , l3)  u s i n g  R a s  n paramete r .  S (d ,R)  i s  p e r  
molecule .  
F i g .  4 :  A few examples of S (q ,R)  v s . %  f o r  l i q u i d  benzene.  
F i g .  5 :  Examples of  e x t r a p o l a t i o n  of benzene S / s : v a l u e s  f o r  o~ = 0 .  
F i g .  6 :  The f r equency  d i s t r i b u t i o n  p(l3) d e r i v e d  from t h e  neasure -  
ments.  
F i g .  7 :  T y p i c a l  s c a t t e r i n g  d i s t r i b u t i o n  o b t a i n e d  w i t h  Z r H  1.1 a t  
0 0 210 C. I n c i d e n t  energy ,was 0.033 eV, s c a t t e r i n g  a n g l e  77.1 . 
F i g .  8 :  F i t t e d  low energy d i s t r i b u t i o n  p(R) f o r  z i rconium h y d r i d e .  
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